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ABSTRACT
This research investigates the fabrication ofthree-dimensional parts from ZrB 2 , an
ultra high temperature ceramic (UHTC), using the selective laser sintering (SLS) process.
Based on an experimental investigation, optimum values for the SLS parameters (scan
speed, laser power, energy density, scan spacing and layer thickness), used on a DTM
Sinterstation 2000, were determined to build green ZrB 2 parts with high integrity and
sharp geometrical features. This was done by melting the polymer binder used to bond
the ceramic particles layer-by-layer according to the cross-section of a CAD model. The
use of a sacrificial plate to eliminate cracks in the bottom of the part was demonstrated
and the proper number of separation layers between the sacrificial plate and the main part
was determined experimentally. The fabricated green parts went through post processing
steps including binder burnout and sintering in furnaces at appropriate temperature
schedules to remove the binder and sinter the ZrB 2 particles. Several test bars were
fabricated and determined to have good properties with an average relative density of
87% and an average f1exural strength of 250 MPa.
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SECTION
1.

INTRODUCTION

SOLID FREEFORM FABRICATION OF CERAMICS
Solid Freeform

Fabrication (SFF) techniques

are

basically layer-by-layer

manufacturing processes that allow for 3D part fabrication without the need for molds or
further tooling [ 11. These methods have been reported to have helped reduce product
development and manufacturing costs, lead times and human participation in the
manufacturing process [2].

SFF methods produce accurate parts directly from a CAD

model in less time compared with conventional machining process for a single part of
complex geometry. According to Kruth [3] the SFF methods that involve addition of
materials can be classified according to the state of the starting material for part creation,
as follows:
i)

LIQUID:
a) Stcreolithography

(SLA):

This

is

the

earliest

rapid

prototyping

technology that was commercially available. It uses an ultraviolet ( UV)
light to solidify a photosensitive monomer resin. In this method, a CAD
model is split into layers where each layer is then acted upon by the UV
light to cure the cross section. Besides polymeric parts, SLA has been used
to fabricate ceramic parts from materials like alumina and zirconia [4, 5,
and 6]. The limitations with this process are the difficulty in achievement
of desirable rheological properties of the ceramic pastes and relatively
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lower strength of finished parts when compared with other fabrication
methods.
b) Fused Deposition Modeling (FDM): The process consists of depositing a
thread of molten material on to a substrate with the help of a movable head
or nozzle. The material is then heated to a temperature slightly above its
melting point and then cooled down to solidify. Recent advancements
have led to the use of a two nozzle system where one nozzle is used to
deposit the part material and the second nozzle is used to deposit support
material. On completion of part fabrication the support material is usually
dissolved or broken out without incurring any harm to the actual part. The
surface finish is usually inferior to those produced by SLA. /\)so small
hole creation using FDM has been relatively difficult as it is dependent on
the thickness of the thread or tilament and the speed of retraction of the
nozzle [7]. FDM has been further developed to fabricate ceramic parts.
This method is more commonly known as Fused Deposition of Ceramics
(FDC). Some ceramics that have been successfully fabricated using this
method are silicon nitride, alumina and zirconia [8. 9]. The difficulty in
the control of the ceramic slurry's rheological properties is a limitation of
this process.
c) Shape Deposition Manufacturing (SDM): The SDM part fabrication
process varies from thermal deposition methods

II 0 I like arc and plasma

spraying, laser welding, MIG welding, etc. to integration of deposition
methods with a computer-numerical-controlled (CNC) milling machine
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[ 11]. A previous study [ 12] has shown that ceramic parts can be fabricated
using SDM to make a mold and a CNC machine to accurately shape the
final part. The main drawback of this process is the trade-off between
machinability of the fabricated part and the shrinkage of the partf 13j. It is
hard to find a material that has high machinability and low shrinkage.
d) Chemical Liquid Deposition: A study [14J has shown possibilities of
producing ceramic parts using Chemical Liquid Deposition (CLD). CLD
has two variants namely Thermochemical Chemical Liquid Deposition
(TCLD) and Electrochemical Liquid Deposition (ECLD). TCLD uses a
nozzle to spray the liquid material on to a hot substrate which initiates a
chemical reaction and deposits solid material onto the substrate. ECLD
uses the same principle but the difference is, instead of heat, an electric
source is used to help initiate the reaction. Even though it is possible to
create parts using this method, the limited deposition rate limits it to make
large size parts. Also the usc of liquid makes the choice of materials quite
limited.
ii)

DISCRETE PARTICLES:
a)

Selective Laser Sintering (SLS): It is used to build a 3D part from fine

powder by the heating action of a laser. First a CAD model is fed into the
system which then slices the model into layers of the desired thickness,
generally ranging between 0.05 to 0.3mm [ 15]. The SLS apparatus
consists of a movable part bed and two movable feed bins controlled by
pistons. A roller helps spread the fine powder across the part bed. The
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laser is then directed to scan across the sliced cross section to sinter the
particles. After the scanning of one layer, the part piston is lowered down
by one layer thickness and the cartridges in the feed bin are raised to
provide powder to be spread by the roller. The scanning action of the laser
is repeated for the next sliced layer. The steps are repeated until the
complete fabrication of the 3D part. After the build is finished the part is
broken out of the part bed and the loose powder attached to it is blown
away.
The main advantages of SLS process are in the multiple numbers
of materials that can be used to fabricate parts. Some of the important
materials that have been used to make 3D parts are alloy 625, Ti-6Al-4V
alloys, 325 mesh iron powder, Cu-Sn, Su-Solder (Pb-Sn), Ni-Sn, and
prealloyed bronze (Cu-Sn) [16-18]
b) Gas Phase Deposition (GPD): In this method a reactive gas

IS

decomposed to form a solid using energy from a light or heat source [19,
20]. Three different ways, namely Selective Area Laser Deposition
(SALD), Selective Area Laser Deposition Vapor Infiltration (SALDVl).
and Selective Laser Reactive Sintering

(SU~S),

have been researched to

fabricate parts using this technology. The first uses only the decomposed
solids of the gas to form a part, the second uses the decomposed solids to
fill in spaces between grains of thin layer of powder for each layer, and the
third uses a laser to initiate a reaction between the gas and a layer powder.
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c) 3-Dimensional Printing (3DP): It is a rapid prototyping method used to
form green parts using ceramic or metallic powder. The part is essentially
built in a bin where a piston is lowered in an incremental fashion. A
hopper is used to deposit the powder and a roller then spreads and levels
the powder. An ink-jet printing head is then used to spray a binder into a
layer of powder. The binder sprayed is in liquid form which then solidifies
to form a solid layer. This process is continued until the complete part
geometry is created. Finally the part created is fired and the green part is
removed from the powder compact [21]. A study by Cima et. a! [221 has
shown how to create ceramic shells and cores using alumina and colloidal
silica binder.
d) Selective Laser Melting (SLM): SLM is a process derived from SLS. It
completely melts the material to form a near fully dense part that does not
require any post processing. It has been successfully employed to
manufacture metal parts [23, 24]. A study [25] has shown the feasibility of
fabrication of casting mold using silica sand. The dit1iculty in SLM of
ceramics arises from the high melting point of ceramics. The process of
SLM is also more difficult to control due to the large energy input
required to melt particles, which causes problems like balling, residual
stress development and part deformation. An appropriate process window
needs to be determined that can melt the particles as well as produce parts
without defects. E.g. It was shown that to melt the particles of iron a laser
power of 200W and scan speed of 160 mm/s causes balling effects
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whereas a slightly lower energy density using a laser power of 200W and
scan speed of 180 mm/s produces smooth parts. The process window for
the same was shown in [24].
iii)

SOLID SHEETS:
a) Laminated Object Manufacturing (LOM): In this process a sheet of
material is spread across a movable substrate and a laser acts to cut it
along the contours of the part geometry determined by the CAD model.
The laser penetrates to a depth of one layer thickness, the substrate is then
lowered by one layer thickness, and the steps are then repeated until the
completion of the part. The objective is to cut each layer along the contour
and bond each layer into a stack of sheets [26]. The bonding between
layers is carried out by a hot roller which performs the tasks of
compressing the sheet and activating a heat sensitive adhesive. Previous
studies have shown possibilities of part fabrication using ceramic
materials like silicon carbides [27] and alumina 1281. The main advantage
of this method is the high fabrication speed (5-1 0 times faster than other
rapid prototyping techniques [20]) since the laser only has to scan through
the contour of the part and not the whole cross section. Since the surface
finish is dependent upon the thickness of the sheet it is hard to achieve
good surface finish. Another drawback is that the finished part needs to be
removed from the stack of sheets by cutting through the sheets using a
cutting tool; this makes the material surrounding the part unfit for reuse.
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The amount of waste depends on the size of the actual part since a small
part would generate more waste [20, 26].
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Abstract

This paper presents a study using the Selective Laser Sintering (SLS) process to
fabricate Zirconium Diboride (ZrB 2) parts for ultra high temperature applications.
Experiments were conducted to determine values of SLS process parameters (laser
power, scan speed, energy density, line spacing, and layer thickness) that can be used to
build ZrB 2 parts with high integrity and sharp geometrical features. A sacrificial plate
with a proper number of layers (determined from experimentation) and separated from
the main part, was first built in order to reduce thermal gradients. The sacrificial plate
was found to assist in eliminating cracks in the bottom of the main part. The fabricated
green parts then went through post processing steps including binder burnout and
sintering at proper temperature schedules, to remove the binder and sinter the ZrB 2
particles. The test bars after sintering had an average relative density of 87% and an
average flexural strength of 250 MPa.
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1. Introduction

Progress in recent research and industrial applications has resulted in increased
demand for ceramic part fabrication. Ceramics like ZrB 2, ZrC, HfB 2, HfC and TaC
belong to the family of 'Ultra High Temperature Ceramics (UHTC)' and have found
applications in the aerospace industry due to their ability to withstand extreme thermal
and chemical environments [1 ]. The applications include, for example, hypersonic tlight
systems and rocket propulsion systems. Among the UI-ITCs, ZrB2 has the lowest
theoretical density (6.1 g/cm 3 ) combined with a high thermal and electrical conductivity,
making its use in the aerospace industry appealing [2-5].
Fabrication of geometrically complex ceramic parts is difficult using traditional
manufacturing techniques such as drilling and milling operations. This is due to the
extremely brittle nature of ceramics. The high cost involved in machining of ceramics
due to material wastage is another reason that reduces the desirability of using material
removal methods for fabrication of complex ceramic parts.
Many Solid Freeform Fabrication (SFF) methods have been attempted to fabricate
ceramic parts. Among these are the Fused Deposition of Ceramics (FDC) [6. 7J,
Chemical Liquid Deposition (CLD) [81, Selective Laser Melting (SLM) [9 J, Shape
Deposition Manufacturing (SDM) [1 0, 11], 3D Printing (3DP) [ 12], Stereolithography
(SLA) [13, 14, 15], Laminated Object Manufacturing (LOM) [16, 17] and Selective Laser
Sintering (SLS) [ 18, 19, 20, 21]. Although these methods have been successfully
investigated for freeform fabrication of ceramic parts, each has limitations on its own.
Limited materials available for some of the processes, inability to fabricate complex
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geometry parts, long duration to fabricate parts and difficulties in process control are
some ofthe challenges that need to be overcome.
Other methods such as pressureless sintering of ZrB 2 have been successfully used
to fabricate ceramic parts of simple geometry and moderate sizes. Due to strong covalent
bonding and the low self-diffusion coefficient of ZrB 2, most researchers have used
material additives such as MoSb SiC, Si]N4, AlN to enhance sintering characteristics [2,
5, 22-24]. These additives improve densification by reacting with impurities, which
otherwise inhibit densitication and pin the growth of ZrB2 grains. In many cases the ratio
of additives to ZrB 2 has been higher than 20 vol%. Although it has been possible to
achieve near full density parts with high flexural strengths [ 11, these methods have
difficulty in producing ceramic parts with complex geometry.
Selective Laser Sintering of ZrB 2 has previously been attempted by Stucker and
his research team [25, 26]. The part obtained after SLS processing was of preliminary
shape and was machined after debinding and sintering to obtain accurate shape.

The

debinded and sintered ZrB 2 samples in the shape of EDM electrodes were only 31% in
relative density.
Another study was reported to have successfully sintered ZrB 2 part usmg a
combination of continuous wave laser and a pulsed laser 127]. The continuous wave
(CW) laser helped to provide heat to the part bed region to reduce the thermal stress, and
the pulsed laser was used to partially melt the ZrB 2 particles. This study did not use any
binder material. Instead, the smaller ZrB 2 particles were melted to act as a binder for the
larger ZrBz particles. There was no report of any mechanical properties or evidence of
successful fabrication of geometrically complex parts, however.
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The objective of the research described in the present paper was to investigate the
SLS technique including appropriate values of process parameters for successful
fabrication of 3-dimensional ZrB 2 parts. The density, flexural strength, and dimensional
shrinkage of the fabricated parts after binder burnout and sintering were measured and
evaluated, as well as an SEM study to examine the microstructures.

2. Discussion of process parameters and heat transfer

2.1 Effects ofprocess parameters
2.1.1 Part bed temperature
The part bed is the central region of the SLS machine where the part is built. The
part bed temperature in the DTM Sinterstation 2000, the machine used in this study, is
controlled by a heater underneath. The norm is to set the temperature near the glass
transition temperature of the binder material, which melts to fuse the ceramic particles
[31]. The higher the part bed temperature is set, the less the incident energy is required
during the SLS process. This temperature is also used to control the temperature gradient,
thereby reducing distortion during the part sintering process 128].
2.1. 2 Layer thickness
Layer thickness is a measure of the thickness of each layer during the SLS
process. It is also the depth by which the part piston is lowered after the laser scanning of
each layer. A stair-step effect has been observed [30] which affects the surface finish of
the side face of a fabricated part. Layer thickness plays an important role in determining
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the appropriate set of laser parameters, as a thicker layer requires greater incident energy
to avoid delamination between layers. Layer thickness also plays an important role in
determining the total build time of the part.

2.1.3 Energy density
Energy density

IS

defined as the amount of energy input per unit area. It is

dependent upon laser power, scan speed and scan spacing and is determined by the
following equation [32]:
ED= LP I (BS x SS) .................................................................... (1)
where ED is the energy density, LP is the laser power, BS is the beam (or scan) speed and
SS is the scan spacing. The laser power, scan speed and scan spacing need to be
optimized according to the amount of input energy required to fuse the particles in the
layer.

2. I. 4 Green part strength
The set of process parameters used to fabricate a part plays a maJor role in
influencing the green part's strength. Previous research has shown that the binder content
and the energy density significantly affect the part strength j31, 33]. Increase in the
amount of binder content has been shown to improve the green part strength. However, a
larger amount of binder could result in more part shrinkage in the post processing owing
to the pyrolysis of more binder. Another important factor that affects the strength is the
incident energy density. It has been reported that the strength of the green part increases
with increase in energy density but peaks at a certain value [31]. The decrease in strength
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beyond the peak energy density is due to more polymer degradation at higher
temperature. The SLS parameters need to be determined and optimized keeping these
relationships in mind.

2.2 Effect of heat transfer
Since SLS is a process where the part creation revolves around heat transfer, most
problems are associated with the amount of heat input and the rate of heat transfer. As the
heat is applied to the top surface, the binder on the top surface melts and fuses the
ceramic particles when it solidifies solidifies, resulting in contraction of the top surface
and thus an increase in the powder density. The resultant temperature gradient
perpendicular to the layered surface causes a problem of upward warping of the layer.
This often results in cracking of the layer when the next layer of powder is spread and
compressed by the roller. Many approaches have been taken to solve this problem [28].
In the case of metal or polymer powder, raising the part bed temperature to near the
melting point of the part material can result in a reduction of temperature gradients and
solve the problem of upward warping in some cases 134].
An approach introduced in our research is the use of a sacriticial plate built from
the same material as the part itself. An appropriate number of separation layers is needed
so as to avoid sticking of the main part to the sacrificial plate. The sacrificial plate would
provide better conduction of heat from the top layer during laser scanning. A previous
study [35] of the conductivity of a sintered powder compact helps explain this
phenomenon. It stated that the effective thermal conductivity Ge of a powder compact can
be calculated using the following equation:
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Ge = G 0 ( 1-0/ 0M) 2

......................................................................

(2)

where G 0 is thermal conductivity of a monolithic material, 0 is compact porosity and 0M
is tap porosity. Tap porosity is the porosity of particle aggregate in equilibrium after
vibration (but without compaction), and compact porosity is the porosity of the powder
after compaction. Tap porosity is dependent on the particle shape, size and distribution.
As the tap porosity is a constant for the same particle shape, size and distribution, the
etTective conductivity is mainly dependent on compact porosity. A sacrificial plate
effectively reduces the compact porosity of the layers underneath the main structure,
resulting in a better conduction of heat.

3. Experiments
3.1. Materials used

The materials used in this investigation included zirconium diboride (Zrl3 2 , grade
B, H.C. Starck, Newton, MA) having an average particle size of 3J-lm. The relative
surface area was 1.38 m 2 /g and the oxygen content was 0.9 wt%. The organic binder used
was stearic acid (C 11;l-b602, grade HS, Acros Organics, New Jersey). which was chosen
due to its ability to easily depolymerize at higher temperatures, leaving little or no carbon
residue. Two sintering additives used were boron carbide (B 4 C, grade HS, H.C. Stark,
Newton, MA) and carbon black (Black Pearls 120, Cabot corporation, Alpharetta, GA).
The average particle size for the B 4 C was 0.8 J-lm with a relative surface area of 15.8 m 2 /g
and an oxygen content of 1.3 wt%. The sintering additives assisted with removal of the
oxides from the surface of the ZrB 2 powder and increased the driving force for powder
densification instead of grain growth.
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3.2. Equipment setup
A DTM Sinterstation 2000 (Figure 1) consisting of a continuous wave C02 laser
with an adjustable power (0 to SOW) was used in this research. The build chamber, which
is sealed during the build process to provide an inert atmosphere, can be set between
room temperature and 250 °C. The 3 pistons, namely the part piston, the left feed piston,
and the right feed piston, act to lower or raise the part bed, the powder in the left feed bin,
and the powder in the right feed bin, respectively. The part piston is lowered by a
distance equivalent to the layer thickness after each layer was scanned by the laser during
the build process, while the left and right feed pistons are raised by an amount input by
the user such that the roller spreads the powder to cover the whole part bed after the
scanning of each layer. A waste bin is provided at each end of the chamber to collect any
excess powder that the roller may push across the part bed.

Figure 1 DTM Sinterstation 2000
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The machine has several parameters that can be set by the user. Some of the
adjustable parameters are laser power, scan speed, scan spacing, scan count, layer
thickness, part piston temperature, part heater temperature, and feed bin temperature. The
laser power, scan speed and scan spacing were adjusted in this study to optimize the
incident energy density.

3.3. Powder preparation
Since the powder used in the SLS study consisted of ZrB 2 , stearic acid, boron
carbide (1 wt%) and carbon black (0.2 wt%), it needed to be a homogenous mixture to
avoid irregularities in the green part formation. This was ensured by ball milling of the
contents in two steps. First, zirconium diboride, boron carbide and carbon black were
ball-milled together using alumina media for a period of 24 hours. The alumina media
were of two sizes, 23mm and 13mm. After 24 hours, stearic acid was added to the mix at
a volumetric ratio of 50:50 and then ball-milled for another 24 hours. Due to the waxy
nature of stearic acid and the heat generated due to the collision of the ceramic milling
media, regular inspections were carried out to check for possible clumping.

3.4. SLS processing
Test bars and fuel injector struts as shown in Figure 2 were made by the SLS
process to investigate the feasibility of fabricating ZrB 2 parts using this process. The test
bars were first built for the initial selection of process parameters. The temperatures
considered were those of the feed bins, part bed and part heater. The fuel injector struts
had at least one hole in each of the three orthogonal directions besides having curved
surfaces.
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Figure 2 CAD models of fuel injector strut and test bar

The layer thickness was set at 0.0762 mm (0.003"), which is the lowest possible
value that can be set in the Sinterstation 2000. This was done to attain the best surface
finish and also to allow the molten binder to flow down to join the layers with sufficient
bond to avoid delamination.
The part bed temperature was kept the same as the part piston temperature, in the
range of 55 to 60 °C, which is slightly below the melting point of stearic acid, (69°C).
The feed bin temperature needs to be kept low enough to avoid having the binder clump
(partial sintering) inside the bin, but it also has to be high enough to assist in rapid
heating of the powder. It was observed during the initial experiments that good
flowability of the powder could be achieved at room temperature and hence both bins
were set at 26 °C. The laser power, scan speed and scan spacing were set with the help of
equation (1 ).
The experiments performed in the SLS experiments consisted of the following
two stages:
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STAGE 1: This stage of tests consisted of 4 runs (RUNs 1 to 4 ), which were
carried out to determine the appropriate energy density at which green parts could be
fabricated without delamination and were strong enough for handling. The energy
densities tested were 0.068, 0.1 03, 0.115 and 0.172 J/mm 2 in these four runs. The
corresponding parameter settings are given in Table 1.
STAGE 2: This stage of tests consisted of 3 runs (RUNs 5 to 7), which were used to
address the issue of cracks in the bottom of the part. These 3 runs were carried out based
upon the observations from the runs in STAGE 1. The parameter settings and sacrificial
plates used are given in Table 1.

Table 1 Parameter settings for green part fabrication

Laser
Power,

Energy
Density,
No. of Separation
Layers
J/mm 2
STAGE 1

w

Scan
Speed,
mm/s

Scan
Spacing,
mm

1

0.8

50.8

0.2286

0.068

n/a

n/a

2

1.2

50.8

0.2286

0.103

n/a

n/a

3

2

76.2

0.2286

0.115

n/a

n/a

4

3

76.2

0.2286

0.172

n/a

n/a

Size of Sacrificial
Plate

STAGE 2

5

2

76.2

0.2286

0.115

5

Same as part size

6

40

1524

0.2286

0.115

5

Larger than part

7

2

76.2

0.2286

0.115

3 to 8

Larger than part
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3.5. Post processing
After fabrication of green parts, the successful parts underwent binder burnout,
isostatic pressing and sintering. Binder burnout was carried out in a Lindberg furnace of
Type 51542-HR, where the parts were heated in varied increment rates to a temperature
of 600 °C in an inert environment (90% Argon + 10% Hydrogen) and held for
approximately an hour to thermally decompose the binder. The binder burnout schedule
was shown in Figure 3(a). Post binder burnout the specimens underwent cold isostatic
pressing at room temperature under the pressure of 40,000 psi. This was performed to
reduce the porosity and promote sintering in the next stage. The successful parts post
isostatic pressing underwent sintering in a furnace

(Hi-temp furnace, Thermal

Technology Inc, Santa Rosa, California) at 2050 °C for 2 hours. The sintering schedule
followed is shown in Figure 3(b).

700

foOO
'.00

0

!0

(a)

80

nme (h"J

2JO

100

(b)

Figure 3 (a) Binder burnout schedule, (b) Sintering schedule

300
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3.6. Characterization
The successful test bars were used to study the dimensional accuracy, density and
flexural strength, and the microstructures were observed to obtain pore size data. The
green and sintered densities were determined by measuring the part weight using a
weighing scale (Acculab, Sartorius Group, USA) based on the Archimedes principle
using water as the immersing medium. The relative density of the samples was obtained
with respect to the theoretical density of ZrB 2 (6.1 g/cm 3 ). The tlexural strength of a fully
sintered specimen was measured by a 4-point bending test using a universal testing
machine. (Instron Corp., Model No. 5581, Norwood, MA, USA). All samples were
ground to standard A bar regulations (20 x 2 x I .5) and polished in accordance to the
ASTM C1161 standards [36].
The microstructures of the specimens were observed under a Scanning Electron
Microscope (S-4 700, Hitachi Corp, USA). Polished, unpolished and fractured surfaces
were examined to measure the closed and open porosities in the specimens.

4. Results and discussions

4.1. Selection of SLS parameters
The Stage 1 experiments were aimed at determining the appropriate energy
density for creating the melt pool. From the four runs (see Table 1), RUN 3 produced
parts of the highest quality. The parameter settings of RUN 3 corresponded to the energy
density of 0.115 J/mm 2 , which was sufficient to melt the binder and create a melt pool
that could flow through the layers and bind the ZrB 2 particles together. Parts fabricated in
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RUN 3 demonstrated higher green strength when compared to RUN I and RUN 2 and
did not show any signs of delamination. RUN I did not produce any usable green parts
due to insufficient energy density. RUN 2 produced parts of strength insufficient for
proper handling, as only I7% of the parts survived the part breakout process. Similar to
RUN 3, RUN 4 was also able to produce strong parts that showed no delamination and no
breakage during the part breakout process. However, parts of RUN 4 had poorer quality
on the bottom surface (more material loss due to cracks) when compared with parts made
in RUN 3. In all of the runs the initial layers warped after laser scanning, which caused
cracking of the initial part layers. The cracks were deeper in the case of parts fabricated at
the energy density of O.I72 J/mm 2 in RUN 4 when compared with O.IIS Jlmm 2 in RUN
3. The deeper cracks caused more material loss from the part bottom when blown by air
during the part cleaning process. The observations from each of the four runs arc
discussed further below.
RUN I: The energy density of 0.068 J/mm 2 was used. This was not sutlicicnt to fabricate
successful green parts. In fact, after the SLS processing the parts could be broken out
only as crumbs and not as whole parts. This implies that, as a result of insufficient energy
provided, the binder did not melt completely to form a sufficient melt pool to allow
binding between successive layers and hence was unable to fuse the layers completely.
The resulting part fabricated using this setting is shown in Figure 4(a).
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(a)

(b)

Figure 4 Injector part fabricated at (a) ED=0.068 J/mm 2 , (b) ED =0.103 J/mm 2

RUN 2: The energy density of 0.103 J/mm 2 was used. This energy density resulted in
improved parts when compared to RUN 1 even though only a few parts survived the part
breakout process. The test bars fared better than the injector parts, due to the regular
shape of the bars. Being wedge-shaped, the injector struts had thinner cross sections at
the beginning and end of the build. This caused varied melt pool sections and resulted in
less adequate fusion between layers when compared to the test bar fabrication. Only 17%
of the injector struts could be broken out of the part bed as complete parts as compared to
61 % of the test bars. All the fuel injector struts exhibited some delamination and were too
weak to be properly handled during the part breakout process. An injector part after
breakout is shown in Figure 4(b ). All the parts had cracks in the bottom surface due to
warping in the initial layers.
RUN 3: An energy density of 0.115 J/mm 2 was used. The parts fabricated had sufficient
green strength for handling. As a result, all the parts survived the part breakout process .
There were no signs of delamination in any of the parts. The parts did not crack or break
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during the breakout process. Although the higher energy density proved to be adequate
for fabricating parts with sufficient green strength for proper handling, the issue of
bottom layer cracking prevailed. The cracking caused loss of material from the bottom
surface of approximately 1 mm in depth at the time of cleaning with an air blower.
RUN 4: An energy density of 0.172 J/mm 2 was used. This run was carried out to test if a
further increase of energy density showed any significant improvement of green part
quality. All the parts in this run had sufficient strength and could be broken out of the part
bed. However, cracks similar to those observed in the previous runs prevailed and the
cracks in this run caused a larger loss of material than those in RUN 3 (as shown in
Figure 5(a)). Hence no further runs with higher incident energy density were carried out.

(b)

Figure 5 Some observations from fabrication of ZrB2 parts: (a) depth of cracks at ED =
0.172 & 0.115 J/mm2 , and (b) cracked bottom surfaces of a fue l injector strut and a test
bar
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4.2. Elimination of bottom surface cracking
In all the runs performed above, the bottom surface of the parts showed cracks.
These cracks were caused by deformation in the initial layers, which warped upwards
after laser scanning due to thermal stresses. The warped layer then cracked when the
roller applied pressure on it while spreading a new layer of powder on top of the
proceeding layer. These cracks would extend until about 10-15 layers of powder had been
fabricated in the SLS process. The cracks on the bottom surface of an injector strut and a
test bar can be seen in Figure 5(b). The warping of the initial layers of a build is shown in
Figure 6.

Figure 6 Warping of the 2 11d layer after laser scanning
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The warping problem was addressed by performing the following three tests:
i)

A sacrificial plate, having the same X- Y dimensions as the part size was built
underneath the part, one for each part in the build, with 5 separation layers of
loose powder between the part and the sacrificial plate. This was performed in
Run 5, using the laser parameter settings developed in Run 3.

ii)

A sacrificial plate covering the entire build surface area was built underneath
several parts with 5 separation layers of loose powder between them. This was
performed in Run 6, where the laser parameter settings were varied for
purpose of increased productivity. The scan speed and the laser power were
each increased by a factor of20, keeping the energy density same as in Run 3.

iii)

One sacrificial plate covering the entire build surface area was built
underneath the parts with a separation ranging from 3 to 8 layers between the
part and the sacrificial plate. This was performed in Run 7. The laser
parameter settings were kept same as those in Run 3.

The parameter settings for part fabrication using a sacrificial plate are given in Table 1.
The observations made in the three runs in Stage 2 are discussed below.

RUN 5: The use of a small sacrificial plate having the same size as the built part,
was not sufficient to solve the temperature gradient problem. It was unable to affect heat
conduction enough to avoid warping, hence resulting in cracks in the bottom of the built
part. A sacrificial plate and an injector strut built in this run arc shown in Figure 7. The
cracks in the bottom layers can be seen in the injector strut.
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Figure 7 A fuel injector strut and a sacrificial plate built in RUN 5

RUN 6: The use of a larger sacrificial plate as shown in Figure 8(a) helped in heat
conduction through the part bed but because of the reduction of time between layers (due
to higher scan speed), the melt pool increased drastically (due to the lack of time for
solidification) and seeped through the separation layers of loose powder, fusing the
sacrificial plate and the main part. Furthermore, due to the thermal stresses developed in
the main part over the period of the build (about 3 hours) , cracks developed throughout
the part as shown in Figure 8(b ).
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)of
S~R,fA4e

Figure 8 (a) Schematic of the sacrificial plate and the main parts, and (b) Parts fabricated
in Run 6.

RUN 7: The use of a larger sacrificial plate with the laser parameters set as in Run
3 helped solve the issue of cracking of bottom layers, and a part with sufficient green
strength for handling and without any cracks could be successfully fabricated. The
separation layers were determined by varying the number of layers in the range of 3 to 8.
In the case of test bars, successful parts were fabricated with 7 and 8 layers of separation.
In the case of injector struts, the successful parts were fabricated with 5 and 6 layers of
separation. The difference in the separation layers for the test bars and injector struts is
due to the difference in the cross section of the initial layers. The successful parts can be
seen in Figures 9 and 10.
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Figure 9 Green test bars fabricated with separation of 7 (bottom) and 8 (top) layers

Figure 10 Green injector parts fabricated with separation of 5 (top) and 6 (bottom) layers

The number of separation layers is critical because a small number of separation
layers would result in fusing of the main part with the sacrificial plate, whereas a large
number of separation layers would result in a reduced effect of the sacrificial plate,
causing cracks on the bottom surface of the main part.
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Building a sacrificial plate before the main part increases the density of the powder
in the region below the main part. This helps in two ways. First, it improves the thermal
conductivity of the region as previously explained with Equation 2, which depicts that a
dense material has higher thermal conductivity than a porous material. Essentially the
sacrificial plate helps in the compression of the layers of loose powder spread above the
sacrificial plate and below the main part, which helps in increase of heat conduction and
reduction of temperature gradient. This compaction of the powder also helps provide
physical support to the sintered layers during the SLS process. Secondly, the sacrificial
plate helps in reducing the amount of gases below the main part, because the increase in
density will cause reduction of voids and thus less space for gas. This reduces the
absorptivity of the region and hence the temperature gradient is lower due to smaller rise
in temperature when the top layer is scanned by the laser.
In the experiments it was observed that the depth of cracks was larger in case of
ED

=

0.117 J/mm 2 than in case of ED

=

0.105 J/mm 2 . This is due to the inability of the

layers to transfer the increased heat to the surroundings, resulting in higher temperature
gradient and thus build-up of larger thermal stresses.
The results of RUN 6 and RUN 7 show that the same energy density but different
laser power and scan speed can produce different results. At a scan speed of 50.8 mm/s
the time interval between two consecutive laser scans of 25.4 mm long is 0.5 seconds,
while in case of 1,524 mm/s it is only 0.017 seconds. In the case of RUN 6, the scanned
layer did not get enough time to cool down and solidify sufficiently before the spreading
of the next layer of powder, thus each new layer was being deposited on a partially
molten layer as was observed in the experiment. Hence, the part deformed due to the lack
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of support by the previous layer in fabricating a new layer the part deformed. Moreover,
the rapid heating in RUN 6 led to development of larger thermal stresses, contributing to
part deformation and cracking.

4.3. Characterization of green and sintered parts
The dimensions of the parts were measured after each stage to check for
shrinkage. After post-processing, the parts fabricated were evaluated for mechanical
strength and density. The microstructure of the parts was studied using SEM images.
The parts fabricated using the energy density of 0.115 J/mm 2 demonstrated higher
mechanical strength and density in comparison to the parts fabricated using energy 0.103
J/mm 2 . The average shrinkage of parts fabricated using 0.115 J/mm 2 was significantly
lower than those fabricated using 0.103 J/mm 2 . The SEM images showed lower porosity
and smaller pores in case of parts fabricated using 0.115 J/mm 2 than those using 0.103
J/mm 2 • These results show that high energy density helps bind the particles and layers
better and thus facilitates better sintering in post processing. The measured results arc
detailed below.

Dimensional Analysis:
The dimensions of the successful parts fabricated were measured using Mitutoyo
vernier calipers. The average dimensions of the parts fabricated using the energy density
of 0.103 J/mm 2 are given in Table 2. The average reductions for 10 sintered test bars in
the X, Y and Z directions were 19%, 21% and 41% of the nominal dimensions,
respectively. The average reductions for 10 fuel injector struts in the X, Y and Z direction
were 16%, 17% and 38% of the nominal dimensions, respectively. The dimensional
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changes in the X and Y directions are lower as compared to that in the Z direction. This is
because the lower energy density of the laser was unable to create a melt pool that is
sufficient to f1ow down and appropriately bind the particles between two successive
layers.

Table 2 Average dimensions of parts fabricated with ED
Dimensions (mm)
y
X
z

=

0.1 03 J/mm 2

% ofNominal
y
X

z

Std. Deviation (mm)
y
X
z

TEST BARS
Nominal

51.97

6.6

6.75

-

-

-

-

-

-

Green
Binder
Burnout
Isostatic Press
Sintered

51.93

6.83

6.55

100

103

97

0.08

0.06

0.24

49.59

6.31

4.92

95

96

73

0.23

0.10

0.36

49.56
42.21

6.29
5.24

4.87
3.96

95
81

95
79

72
59

0.23
0.22

0.09
0.08

0.35
0.29

Nominal

25.4

12.66

7.61

-

-

-

-

-

-

Green
Binder
Burnout
Sintered

25.46

12.94

7.27

100

102

96

0.05

0.05

0.26

24.77

12.19

5.4

98

96

71

0.10

0.09

0.47

21.43

10.51

4.7

84

83

61.76

0.11

0.07

0.24

INJECTORS

The average dimensions of the parts fabricated using the energy density of 0.115
J/mm 2 is given in Table 3 .The dimensional reductions in the 6 fabricated test bars were
16%, 11% and 12% of the nominal dimension in the X, Y and Z direction. respectively.
The reductions in the 4 fabricated fuel injector struts were 13%, 13% and 15% of the
nominal dimension in the X, Y and Z directions, respectively. The higher energy density
created a sufficiently large melt pool, allowing more molten binder to seep through the
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layer to bind more particles together and bring them closer to each other. This is the
reason for the lower shrinkage in Z direction of parts fabricated in RUN 3 than those in

RUN2.

Table 3 Average dimensions ofparts fabricated with ED= 0.115 J/mm2
Dimensions (mm)
X

y

z

Nominal

45.1

7.5

Green
Binder
Burnout
Isostatic Press
Sintered

45.1

Std. Deviation (mm)

/o of Nominal

0

X

y

z

X

y

z

7.65

-

-

-

-

-

-

8.1

8.3

100

108

108

0.03

0.13

0.19

44.86

7.97

8.21

99.47

106

107

0.24

0.16

0.04

42.33
38.01

7.46
6.65

7.93
6.72

93.58
84.27

99.46
88.67

103.67
87.84

0.15
0.47

0.21
0.10

0.07
0.14

Nominal

50.8

25.32

15.24

-

-

-

-

-

-

Green
Binder
Burnout
Sintered

50.9

25.82

15.69

100.19

102

103

0.21

0.30

0.12

49.97 25.62

15.33

98.37

101.2

100.60

0.37

0.22

0.16

21.94

12.99

86.63

86.65

85.24

0.49

0.22

0.01

TEST BARS

INJECTORS

44.01

Density and Flexural Strength:
The relative density of the sintered test bars was measured using Archimedes
method. The parts fabricated using the energy density of 0.115 J/mm 2 had 87.1% in
relative density compared to 80.3% for parts fabricated using 0.103 J/mm 2 . This
demonstrates better fusion of particles at the higher energy density. The closer packing at
the higher energy density resulted in lower porosity; providing less room for shrinkage.
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The density and strength data of the successfully fabricated parts using the energy
densities of 0.103 J/mm 2 and 0.115 J/mm 2 are given in Table 4.The test bars fabricated
using 0.103 J/mm 2 had an average flexural strength of 195 MPa (ranging between 162
MPa to 246 MPa) for 10 test bars. The test bars fabricated using 0.115 J/mm 2 had an
average flexural strength of 250 MPa (ranging between 212 MPa to 315 MPa) for 6 test
bars.

Table 4 Flexural strength and density data of successfully fabricated parts
Part No.

1
2
3
4
5
6
7
8
9
10
Average
Std. dev

Flexural Strength
(MPa)
ED=
ED=
0.103
0.115
J/mm 2
J/mm 2
206.6
315.4
162.5
212.4
205.8
215.9
165.8
280.6
203.9
233.6
163.3
241.3
182.9
223.1
245.6
195.5
195.5
249.9
27.37
40.1

Density
(glee)
ED=
ED=
0.103
0.115
J/mm 2
J/mm 2
5.01
5.67
4.60
5.05
4.96
5.14
4.64
5.41
5.08
5.26
4.70
5.33
4.77
5.11
5.21
4.89
4.90
5.31
0.21
0.22

Relative Density
(%)

ED=
0.103
J/mm 2
82.10
75.49
81.31
76.10
83.33
77.04
78.19
83.80
85.45
80.10
80.29
3.46

ED=
0.115
J/mm 2
93.28
82.79
84.26
88.68
86.23
87.38

-

-

87.10
3.69

SEM Study:
The microstructures studied with SEM images show that the porosity is higher in
parts fabricated at lower energy density settings up to the threshold point. Figure 11
shows the images at different magnifications of sample fractured surfaces of the test bars
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at the energy densities of 0.103 J/mm2 and 0.115 J/mm 2 . It can be observed that the grain
structure has larger pores and higher porosity when ED = 0.103 J/mm 2 compared with
ED = 0.115 J/mm2 . This is consistent with the observation that the density of the
fabricated part at ED= 0.103 J/mm 2 is lower than that at ED = 0.115 J/mm 2 .

(b)
Figure 11 SEM images of fractured surfaces of test bars fabricated at (a) ED = 0.103
J/mm 2 , and (b) ED =0.115 J/mm 2
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5. Conclusion

Fabrication of Zr8 2 parts using the SLS process has been studied. The proper
parameter settings for laser power, scan speed and scan spacing were determined
experimentally with consideration of energy density. The feed bin temperature, part bed
temperature, and layer thickness were also determined. The use of a sacrificial plate has
been shown beneficial in eliminating cracks at the bottom part surface by facilitating
more uniform heat conduction and hence reduction of thermal gradient. The number of
separation layers between the sacrificial plate and the main part was experimentally
determined to be in the range of 5 to 8 layers in the fabrication of test bars and fuel
injector struts when the energy density of 0.115 J/mm 2 and the layer thickness of 0.0763
mm were used. The flexural strength of the test bars increased with increase in input
energy density to 0.115 J/mm 2 . The average flexural strength achieved for the fabricated
parts after binder burnout and sintering was 250 MPa and the relative density achieved
was 87%. The average shrinkage for the test bars fabricated was approximately 15% in
each of X, Y and Z directions. The SEM images of the fracture surface were studied, and
it was observed that the parts fabricated at the energy density of 0.115 J/mm 2 had higher
porosity than the parts fabricated with the energy density of 0.103 J/mm 2 . This is
consistent with the difference in the measured densities from the parts fabricated at these
two energy densities.
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SECTION
2. CONCLUSIONS
This study has demonstrated the feasibility of fabrication of 3-dimensional ZrBz
parts using the Selective Laser Sintering (SLS) method. The SLS parameters were
experimentally determined. The use of a sacrificial part was shown to be helpful in
elimination of cracks, which were otherwise observed in the fabrication of initial layers.
Flexural strength and density values were measured for the successful parts
fabricated. The average flexural strength was measured to be 250MPa. The average
relative density for the parts fabricated using the energy density value of 0.115 J/mm 2
was 5.31 glee. This value amounts to 87% relative density when compared with the
theoretical density of ZrB 2 . The number of separation layers between the main and
sacrificial parts was optimized, and the best parts were obtained using a separation of 6 to
8 layers for the test bars and 5 to 6 layers for the fuel injector strut parts. From the
dimension analysis the average shrinkage of the test bars fabricated was 16, I 1 and 12%
of the nominal dimensions in the X, Y and Z directions, respectively. The shrinkage of
the fuel injector struts measured was 13, 13 and 15% in the X, Y and Z directions,
respectively. The SEM images of the fractured surface and the polished surface of the test
bars were studied and a more uniform porosity was observed for the parts fabricated
using the energy density of 0.115 J/mm 2 when compared with the parts fabricated using
lower energy densities.

APPENDIX A

Additional SLS processing Experimental Results
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Apart from the runs presented in the document some more experiments were
carried out to solve the issue of cracking of bottom layers and understand the process of
fabricating good quality parts. A summary ofthe trials is as follows:

Summary of the trials:
Since the first 10-15 layers warped and cracked and the later layers sintered
without any warping, it was assumed to be due to the thermal gradient in the sintering of
the first few layers, lack of support to prevent the warping, and the stresses developed
thereupon. To address these problems attempts were made to fabricate parts using
different strategies, including lower energy density for the first 10 layers, gradually
increasing the energy density for each layer sintered, gradually increasing the energy
density for every two layers sintered, use of a sacrificial plate underneath the parts, and
increasing the scan speed and laser power to reduce the time elapsed between sintering of
successive layers.

Trial 1: Initial 10 layers sintered at lower energy density
Fabrication of a total of 12 parts in one batch was attempted. All parts had a fixed
laser power setting of 2W. As shown in Table 1 the scan speed was set different for each
part to reduce the number of experiments. The only significant observation was the
cracks in the part made with the initial energy density of 0.06 J/mm 2 were shallower than
the rest. Although the depth of cracks was not measured, they can be seen in Figure I,
showing a comparatively smoother surface of the part on the bottom-left corner. The
results from this did not provide enough substance for any strong conclusion. l-lowever it
can be said that even a small crack in the first layer can propagate to the next layers. The
depth of the cracks depends upon various factors such as the temperature gradient in the
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subsequent layers and the amount of support provided by the previous layers. It is also
important to note the way the crack propagates in terms of a straight line or branching
out. In the case of a single crack running through the layer in a straight line the statistical
probability of having a smoothly sintered next layer is higher than having a crack that
branches out in many directions, splitting the sintered layer into many irregular sections.
Since it is complicated to find a solution based upon the understanding of the factors, it is
best to eliminate any warping and cracking of the first layer by understanding the process
and experimentation.
In Figure 1 it can be seen that only the first part shows any significant difference from the
rest of the parts.

Table 1 Parameter settings for Trial 1.

Part
No.
1
2
3
4
5
6
7
8
9
10
11
12

Scan
Speed,
mm/s
154
129
111
97
87
78
71
65
60
56
52
49

Table 2. Parameter settings for Trial 2

Energy
Layer No.
1
3
5
7
9
11
13

Scan
Speed,
mm/s
508
381
330.2
254
203
152
102

Energy
Density,
J/mm 2
0.017
0.023
0.027
0.035
0.043
0.058
0.086

Remaining

76

0.115

Densit~,

J/mm
0.06
0.07
0.08
0.09
0.11
0.12
0.13
0.14
0.15
0.17
0.18
0.19
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Figure 1 Fabricated parts from Trial 1

Figure 2 Fabricated parts from Trial 2

Trial2: Gradual increase of energy density with progressing layers
This was tried in two ways. The first was to increase the energy density per two
layers and the second was to increase the energy density per layer. The results from these
runs did not provide any basis to draw conclusions other than hinting that the gradual
increase in energy density with succession of layers does not eliminate the stresses
accompanied with temperature gradient. The resulting parts from this trial are shown in
Figure 2. The parameter settings for the trial where energy density was increased per
layer are shown in Table 2.

Trial 3: Use of a sacrificial part underneath the main part
The use of sacrificial part underneath the main part was attempted using different
parameter settings. The cross-section (X-Y axis) of the sacrificial plate was nearly the
same as the cross-section of the main part. In one batch, 6 parts were made, of which 3
parts each were made using 5 and 10 separation layers. The laser power used was 2W and
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the scan speed used was 76.2 mm/s. The results did not vary from any previous trials in
terms of initial layer warping and cracking as shown in Figure 3a.
In another attempt a laser power of 40W and scan speed of 1524 mm/s was used.
The attempt was to reduce the time between sintered layers by having one layer sintered
on top of a partially soliditled layer. Since the warping was previously noticed on
solidification of the layer, this method should have a thicker section of stacked layers
solidifying together thus reducing the ability of the layer to warp. However, the resulting
parts were not observed to be any different from the parts previously made using the
same energy density settings. As can be seen in Figure 3 b, the cracks prevailed on the
bottom surface. The only positive outcome of this run was the time to fabricate the parts
was reduced by nearly 95%.
The next attempt was to build the parts using the laser power of 40W and scan
speed of 1524 mm/s but with a sacrificial plate underneath the main parts with 3
separation layers. The sacrificial plate showed a potential of eliminating the cracks in the
initial layers of the main part. The results showed that the main parts and the sacrificial
plate fused together. During the build process no warping of layers was observed.
However, it was observed that the layers were being built on a previously scanned region
when it was still in the partially molten state. This caused the whole part to deform and
show signs of through cracking by the end of the build process. This can be seen in
Figure 4a.
After seemg the potential of the usc of the sacrificial plate in eliminating the
cracks in the initial layers, another trial was made usmg lower scan speed and laser
power. The laser power was set at 2W and the scan speed was set at 76.2 mm/s. A total of
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12 bars were fabricated above the sacrificial support plate. To avoid the sticking of the
main parts to the sacrificial plate, 3 layers (0.2286 mm of total thickness) of powder for 6
out of 12 test bars and 4layers (0.3048 mm of total thickness) for the remaining test bars
were used as separation. The results are shown in Fig. 4b. The following observations
were made in this experiment:
•

There was no initial layer warping and cracking.

•

The edges of the bars were clearly defined, unlike the parts made using higher scan
speed and power settings.

•

All the bars were attached to the sacrificial plate.
Based upon the results from the various trials another attempt was made to

optimize the layer separation. In this trial 12 test bars were fabricated using a sacrificial
plate with separation layers ranging from 5 to 16. The results are shown in Figure 5. The
parts with 5 and 6 separation layers did not have any cracks in the bottom surface, while
all remaining parts had cracks. This has led to a reasonable conclusion that the sacrificial
plate is effective in eliminating warping of initial layers and eliminates cracking of the
layers thereof.
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Figure 3 Parts fabricated: (a) using sacrificial plate at 2W and 76.2 mm/s (b) without
sacrificial plate at 40W and 1524 mm/s

•

~

J

Figure 4 Parts fabricated: (a) with sacrificial plate, 3 layers of separation and 40W and
1524 mm/s, (b) with sacrificial plate, 3 & 4 layers of separation, 2W & 76.2 mm/s
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Table 3. Parameter settings for sintering stearic acid

Part
No.

Energy
Density,
J/mm 2

Scan
Speed,
mm/s

1

0.013

669.5

2

0.022

401.8

3

0.030

287.0

4

0.039

223.3

5

0.048

182.6

6

0.057

154.4

7

0.065

133.9

8

0.074

118.1

9

0.083

105.7

10

0.091

95.8

11

0.100

87.4

12

0.109

80.3
Figure 5 Parts fabricated with 5-16 separation layers

A separate experiment was also carried out to observe the depth of penetration by
the laser with the use of only stearic acid as the active material. The stearic acid was
spread on the part bed manually as shown in Figure 6a. Layers were fabricated using 12
different energy density settings as given in Table 3. The fabricated layer increased in
thickness with increasing energy density. A higher energy density was observed to have
larger depth of penetration, resulting in a larger melt pool and thus increasing the
solidification time of the melt pool. The thickness of the layer fabricated could not be
measured owing to its high brittleness; however, an observation with the naked eye
showed the variation in thickness. The largest thickness was observed for the energy
density of 0.109 J/mm 2 and was approximately 2

111111.

The resulting layers can be seen in
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the part bed in Figure 6b. Note that the lighter shaded layers were fabricated using low
energy densities.
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Figure 6 (a) Part bed with only stearic acid, (b) sintered single layers using various
energy densities

Use of low binder content
Fabrication of test bars (with a sacrificial plate) was attempted using 25 vol%
stearic acid and 75 vol% ZrB2. No parts could be fabricated successfully. The part bed
after SLS processing is shown in Figure 7. The dark rectangle at the center is the region
exposed to laser scanning and the surrounding is unscanned powder. Both regions were
poked with a finger and the color change was the only noticeable difference. The powder
remained loose instead of sticking together by the binder.
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Poked with

Figure 7 Sintered region with 25 vol% stearic acid binder and 75 vol% ZrB2

APPENDIX 8

Effect of temperature gradient and reused powder on part quality
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Absorptivity:
It is a measure of the fraction of the incident light/energy that is absorbed. It is

dependent on the material properties, temperature and surface roughness. Absorptivity
increases with increase in temperature of the material, e.g. polished surface of steel has a
4% absorptivity at room temperature, which increases to 30% at the melting temperature
and reaching around 90% at the vaporization temperature. A similar trend is observed in
the relationship between surface roughness and absorptivity. In case of gases a I 00%
absorptivity is observed. The absorptivity decreases with increase in density since the
voids that act as black bodies are reduced.
Thermal Conductivity:
It is the measure of the rate of heat conduction through a material. Thermal

conductivity is dependent upon the material properties, temperature and density. The
conductivity of a material increases with increase in temperature and also with increase in
density.
Steps involved in part fabrication process using sacrificial plate and 'n' number of
separation layers:

I. 'X' layers of powder are spread over the metal substrate to level the part bed
with the help of the roller.
2. One layer of sacrificial plate is sintered.
3. Another layer of powder is spread over the sintered layer.
4. Steps 2 and 3 are repeated until complete sacrificial plate is built.
5. 'n' layers of powder is spread one-by-one on top of the sacrificial plate.
6. One layer of main part is sintered on top ofthe 'n' layers ofpowder.
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7. A layer of powder is spread over the sintered layer.
8. Steps 6 and 7 are repeated until the completion of the build.
The following arc the best set of parameter settings used to fabricate successful
Zirconium Diboride parts:

•

Part bed/metal substrate temperature, T b = 55 °C. This is the temperature of
the metal substrate on which powder is spread on.

•

Layer Thickness, L = 0.762 mm

•

Feed/Storage bin temperature = 26 °C

•

Laser Power = 2W

•

Scan Speed= 76.2 mm

•

Scan Spacing = 0.1524 mm

Process Variables:

•

Density of powder in the part bed/sintered region

•

Thermal conductivity

•

Absorptivity

•

Temperature gradient in the active layer: This is the parameter of utmost
importance for solving the warptng Issue and

IS

dependent on the above 3

variables.
In ease of part fabrication without the use of a sacrificial plate, the first layer being of
loose powder does not have support from previously sintered layers. The loose powder,
due to its low density and large amount of gases, has low conductivity and high
absorptivity. This causes a high temperature gradient and is accompanied by a high
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thermal stress. This thermal stress causes warping in the first layer which results in cracks
on application of roller pressure.
Since gases have high absorptivity to laser light, a porous part bed that contains
more gases than a dense part, will absorb more heat and raise the temperature higher.
This would cause the temperature gradient to be higher, which results in a higher thermal
stress. This along with the absence of support from previously sintered layer is the reason
why the first layer being sintered always warps. The reduction of warping of layers after
about 10-15 layers is due to the increasing support and reduction of gases in the build
region as the layers are being built. Since each layer is built on a previously sintered
layer, the previously sintered layer helps in preventing the shape change due to adhesive
forces.

How the sacrificial plate helps:
A sacrificial plate is basically a dense part sintered from the same powder that is
used for the fabrication of the main part. This is a region of high conductivity and low
absorptivity. The temperature of the sacrificial plate is higher than the loose powder
underneath and also higher than the fresh layer of powder that is spread on top of it. This
heat from the sacrificial plate helps in rapid heating of the new layers spread on top of it.
However, the etJect fades after a few layers. The sacrificial plate also helps in better
compaction of the powder spread above it by providing a reaction force. This also helps
in conducting heat from the sacrificial plate through these layers of powder. This way it
reduces the temperature gradient and the accompanied thermal stresses in the first
sintered layer of the main part.
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Effect of size of Sacrificial Plate:

The ratio of the size of the sacrificial part to the main part should be high to
generate best results. This is because a larger sacrificial plate stores more heat and can
assist in compression of a larger region of the new layer. It can heat the region above
more quickly in comparison to a smaller sacrificial plate. Thus a larger sacrificial plate
will help reduce temperature gradient more effectively than a smaller one.
Effect of previously used powder on part quality:

The binder in the powder mix degrades on being exposed to the heat and
mechanical stress during the build process. It results in unsuccessful or low success rate
of part fabrication when previously used powder is used again. This was noticed in our
experiments. The build results were seen to vary when previously used powder was
reused and mixed with new powder to fabricate parts. As shown in Figure 1, it can be
seen that a successful test bar could be fabricated with 6 layers of separations using
previously used powder mixed with new powder. Compared with the result obtained
from using new powder, the degradation of powder after being used has reduced the
fabrication window, i.e. good parts can be fabricated at only one number of layer
separation (6 layers) vs. two numbers of layer separation (7 and 8 layers) when using new
powder.
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Figure 1 Green parts fabricated with reused powder with different separation
layers
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